Carbon dioxide serves as a potent stimulus to increase the titer of circulating sympatho-adrenal catechol amines in the cat. Using the denervated nictitating membrane as an assay method the CO2 threshold for adrenal stimulus was determined to be about 1.57~ concentration in alveolar air. Adrenalectomy decreased by 600/, the catechol amine titer initiated by 307~ COS, but hepatectomy was ineffective. The stimulant effect of CO2 in this action was specific and was not dependent on the change in hydrogen ion concentration.
H YPEKCAPNIC effects on the circulation of the whole animal (I, 2) have been strongly suggestive that epinephrine release was concerned in the mechanism, and more recently, metabolid effects of prolonged CO2 administration have pointed to the same conclusion (3). Still, biogssays designed to detect the presence of excess epinephrine under CO2 stress have been negative (4, 5) although this gas has been clearly shown to be a potent activator of the sympathetic nervous system (5, 6).
On the other hand, the antagonistic effect of carbonic acid on smooth muscle and cardiovascular response to administered epinephrine has been well documented (6). It is possible l Supported in part by a research grant from the National Heart Institute, National Institutes of 
RESULTS
In the normal cat contraction of the nictitating membrane was initiated when the concentration of carbon dioxide in the alveolar air was in the range 12-20%. Individual variation in a group of 20 animals was noted to be very wide. Two exhibited a threshold of sympathoadrenal stimulation when the alveolar CO* concentration was as low as 9%, but the majority first responded at about 15%. On the other hand, two cats failed to provide any evidence of epinephrine release even though the concentration of CO2 in the alveolar air exceeded 30%.
The mean values of catechol-amine concentration equivalent to the epinephrine calibrated nictitating membrane are illustrated in figure  I . Bilateral adrenalectomy reduced by about 60% the hormonal output stimulated by 30% COa. Hepatectomy alone had no significant effect in this regard.
If the head is completely separated from the trunk (at level C2), except for the carotid arteries and jugular veins, it is possible to assess the importance of higher central nervous centers in mediating the adrenal response. The nictitating membrane remains an adequate detector of circulating humors since its blood supply is not materially compromised. This preparation was studied successfully in five cats, and the results indicated that the sympatho-adrenal response to CO2 was only slightly diminished in comparison with the intact cat (see fig. I ).
Complete destruction of the entire central nervous system by pithing was accomplished I ). This observation suggests that the most important areas which accept the CO2 stimulus and mediate the sympatho-adrenal response in the cat lie within the spinal cord. However, very high CO2 concentrations may stimulate the adrenal medulla directly.
Complete autonomic 'blockade' with hexamethonium does not inhibit the sequence of events following carbon dioxide stress-the nictitating membrane contracts at the anticipated concentration, and the blood pressure response is one of brisk hypertension. Adrenolytic agents block the nictitating membrane contraction but do not interfere with the hypertensive response. Apparently these pharmacologic agents neither prevent the release of the active catecholamines nor block their action on cardiac muscle, though the smooth muscle effect is completely inhibited.
The bars to the far right of figure I illustrate the interesting observation that when the inspired gas mixture is changed abruptly from a high concentration of CO2 to pure oxygen there results a further contraction of the nictitating membrane suggesting a sudden increase in circulating catechol amines. This reaction was noted in better than half of the normal or spinal animals but was never seen in a pithed animal. Although it is possible that this further contraction merely represented an increase in responsiveness of the nictitating membrane to circulating epinephrine because of the elimination of COe, it seemed unlikely that the pithed animal should not show the same change of response. It appeared that upon the withdrawal of high concentrations of CO2 a further sympatho-adrenal discharge occurred and that this 'off stimulus' was dependent upon the integrity of the spinal cord.
Nonetheless, it is well known that the responsiveness of structures sensitive to epinephrine is diminished in the presence of carbonic acid. The blood pressure response and change in frequency of beating of the denervated heart have been studied extensively, but in the former measurement it has not been possible to separate the relative contributions of action on the cardiac pump and smooth muscle of small blood vessels. In all the preparations utilizing the whole animal it is necessary to ascertain that the moderating substance, in this instance carbonic acid, does not of itself serve as an adrenal stimulant. This is because the dose-response relation for epinephrine on the nictitating membrane, heart rate and blood pressure is alinear (7)) in such a way that the response to any administered dose becomes progressively less if it is introduced into a background of increasing total circulating epinephrine level. Figure 2 illustrates the behavior of the nictitating membrane in the intact animal, the solid curve representing its 'resting' position and the dotted line the contracted position when stimulated by I pg epinephrine given intravenously. It is clear that the 'resting' position changed as sympatho-adrenal discharge occurred, and that the amplitude of contraction stimulated by injected epinephrine fell off sharply, none being apparent in the range 25 % alveolar C02.
The early phase of smooth muscle relaxation which occurred prior to contraction is apparent in the intact animal but progressed more convincingly in the adrenalectomized and pithed cats, also illustrated in figure 2. In this preparation the responsiveness to injected epinephrine diminished as carbonic acid accumulated in the blood but to a very much more limited extent when compared to intact cats. Figure 3 illustrates the percentile change in contraction amplitude to a fixed stimulus in the presence of carbonic acid modulation. It is clear that a large part of the apparent decrease in sensitivity of the intact preparation is only a manifestation of the shape of the dose-response curve of epinephrine, but that there is a true inhibitory effect of carbonic acid which is most pronounced in the range 3-15 % alveolar C02. The diminished responsiveness of the blood pressure (6, 9) to injected epinephrine in animals breathing CO2 follows a pattern similar to the change in contraction amplitude of the nictitating membrane. It can also be shown that in the sympathectomized animal the inhibitory effect of CO2 is much less apparent, and on the basis of this it has been suggested that the mechanism of CO2 inhibition is by way of direct action on sympathetic ganglia (9). This would not explain the inhibition illustrated in figure 3 which was demonstrated in the denervated nictitating membrane but might imply that the intact structure would be more profoundly influenced. In order to test this possibility three cats were studied under the following conditions. One nictitating mem- brane was acutely denervated and the other left intact. Both adrenal glands were removed and the spinal cord was destroyed up to level C3. The contraction (elicited by 5 rug of epinephrine) of both the innervated and denervated nictitating membranes were recorded as the CO2 tension in alveolar air was increased. No difference in the percentile decrease in contraction amplitude of the two membranes was detected-both followed the general pattern illustrated in figure 3 . The difference noted in the blood pressure response between the intact and sympathectomized animals is due to the higher circulating epinephrine titer in the former when exposed to CO,; and its resultant effect on the epinephrine-induced smooth muscle contraction is a manifestation only of the shape of the dose-response curve for this hormone.
That the primary stimulus serving to evoke sympatho-adrenal discharge in these experiments is carbon dioxide per se and is not a function of the acidosis produced, may be shown in a variety of ways. If the PH is prevented from falling by the intravenous administration of sodium bicarbonate while the animal is ventilated with carbon dioxide, the amplitude of contraction of the nictitating membrane revealed no significant difference when compared to the administration of the same gas mixture alone. Sodium bicarbonate given intravenously may, by itself, induce a contraction of the nictitating membrane which is short-lived but follows almost exactly the time-course of the hyperventilation initiated by this substance. Finally, a comparable PH to that which follows ventilation with 30% COZ, but produced by intravenous lactic acid, caused either a very weak, or usually, no contraction of the nictitating membrane. The general relative importance of hydrogen ion and true CO2 effects serving to stimulate sympatho-adrenal discharge appeared in every way comparable to the manner in which CO2 functions as a respiratory stimulant. In an attempt to ascertain species differences, dogs were ventilated with various concentrations of CO2 and aliquots of blood withdrawn for injection into assay cats in order to determine the presence of circulating epinephrine. Detectable titers were not apparent in the dog breathing CO2 concentrations less than 20%, and in no instance was a titer demonstrated to be in excess of one-tenth that seen in the cat subjected to the same stimulus.
DISCUSSION
Of the many experiments in the literature on the cardiovascular effects of COZ, several have likened the response to epinephrine effect and have postulated an adrenal mechanism. The measurement most frequently utilized, the blood pressure response, is unsuitable for the assessment of vascular smooth muscle action alone unless direct cardiac effects are known, and lack of this information has led to erroneous interpretations. If the nictitating membrane may be considered characteristic of typical smooth muscle response, the marked fall in blood pressure which often occurs with high concentrations of CO2 is probably more closely related to depressant action on the heart (IO) than to profound peripheral vascular dilatation.
The pithed animal, which starts out with almost maximal vasodilatation, exhibits an even more dramatic fall in blood pressure under high CO2 mixtures, a fact which attests not only to support the above contention but also emphasizes the role of epinephrine in maintaining cardiovascular homeostasis in respiratory acidosis. When sympatho-adrenal stimulation is minimized by adrenalectomy and central nervous mutilation, the ability of the animal to survive severe CO2 stress is limited, further attesting the beneficial effects of epinephrine release in this circumstance. The failure in the past to obtain direct evidence for adrenal activation may have several explanations. The CO9 concentrations employed may not have been high enough or the preparations may have been unsuitable. The blood pressure response is too variable and depends on combined factors as discussed; the change in frequency of heart beat is similarly misleading since CO:! has a pronounced effect to depress cardiac rhythmicity directly. Conclusions derived from experiments relying upon autonomic 'blocking' agents in this problem are hazardous. With large doses of hexamethonium there is still an adrenal medullary activation by COP, and in the presence of both ganglionic blocking and adrenolytic drugs the action of epinephrine on heart muscle remains unchallenged. This determinant of the blood pressure produces the ensuing blood pressure elevation in the absence of vasoconstriction. There is also evidence for species variation. In our experience the dog is much less responsive than the cat, and the response itself appears to be mediated in a slightly different way. Spinal dogs never gave evidence of sympathoadrenal activation under CO2 stress, while in the cat, cord obliteration is necessary before the response is so profoundly attenuated. The overshoot phenomenon described in this report has been seen previously (I I), and also reveals a species variation which indicates that in the cat there is a dependence on centers at cord level, but in the dog areas higher than the cord are essential.
The CO2 inhibition of epinephrine induced smooth muscle contraction is of considerable interest. In the intact animal it is clear that much of the inhibitory effect is more apparent than real and is due merely to endogenous epinephrine release. On the other hand, there is a direct antagonism of CO2 and adrenalin action, a mechanism which is apparently merely dependent on the hydrogen ion concentration and is not a unique property of carbonic acid per se (I 2). The apparent specificity of CO2 is this antagonism, when studied in terms of the blood pressure response to adrenalin in intact animals (9) , is probably related only to the fact that CO2 is a much more potent sympatho-adrenal stimulant than other acids which provoke a similar change in PH. Further, it seems certain that the CO2 inhibition is not effected via specific action on sympathetic ganglia since the denervated and innervated membranes are similarly affected. This conclusion receives further support from the experiments on isolated tissues which have shown CO2 inhibition on the iris of the isolated toad eye (13) as well as smooth muscle of blood vessels in the isolated rabbit ear (12) .
Identification of the particular catecholamines detected by the nictitating membrane bioassay technique is not possible, but there is evidence that both epinephrine and norepinephrine may be liberated by CO?. The innervated membrane is more sensitive to epinephrine but the denervated is equally responsive to epinephrine and norepinephrine (14) .
Contraction of both the normal and sensitized structure was seen with high concentrations of COZ. Blood lactic acid is not changed by norepinephrine but is increased by epinephrine (IS), and rats exposed to high concentrations of CO2 have elevated blood lactate levels (3). These observations suggest unequivocally that carbon dioxide inititates the release of epinephrine, and this is probably the principal substance detected in the present experiments. On the other hand, though these data provide no evidence either for or against there being simultaneously an increase in circulating norepinephrine, the rise in diastolic blood pressure is suggestive, and chemical estimates indicate that there is indeed a release of norepinephrine by COZ, though the titer is not high (16) .
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